A demonstration study was undertaken to develop an abiotic iron oxidation process to increase the Fe(II) removal rates (IRR) at low pH (6 to 7) compared to conventional oxidation ponds and aerobic wetlands (typical IRR is 10 to 20 g/m 2 /d) while producing a high-quality sludge. An alkaline mine drainage from an underground mine pool containing 60 to 80 mg/L Fe(II) was used in the study. Batch tests were conducted in a 330 gal tank at various initial concentrations ranging from 5 to 1300 mg/l added Fe(III) solids. Results indicated test durations to obtain less than 1 mg/L of Fe(II) decreased from greater than 48 hours for low initial Fe(III) to less than 2 hours in tests with initial Fe(III) greater than 1000 mg/L. Following batch tests a flow-through reactor system was employed consisting of two-330 gal tanks, a complete-mix oxidation reactor followed by a clarifier tank. Fe(III) solids were recirculated from the clarifier to the reactor to obtain reactor concentrations ranging from 10 to 2000 mg/L. The reactor lowered Fe(II) to approximately 3 mg/L when Fe(III) was 2000 mg/L and contact time was 2.3 hours. IRR of 0.52 mg/min or 740 g/m 2 /d were achieved during this flow-through test. IRR exceeding 1 mg/min or 1300 g/m 2 /d were obtained when Fe(III) was 1800 mg/l and contact time was 1.3 hours, but with a slightly higher effluent of 14 mg/l Fe(II). The recirculated Fe(III) sludge had a specific resistance to filtration (SRF) of 410 11 m/kg, a coefficient of compressibility of 0.37 and solids concentrations greater than 20%. The SRF is similar to that observed for flocculent solids formed at high pH (>8), but the compressibility is similar to high-density sludges. This research demonstrated the effectiveness of a recirculated sludge process to increase IRR over passive treatment and to obtain similar IRR as conventional chemical (lime) treatment.
Introduction
Mine drainage in the eastern portion of the United States is a byproduct of coal extraction and can be produced from either surface or deep mining practices. The chemistry of mine drainage will vary considerably depending on coal and overburden characteristics, and mining and reclamation techniques. Two broad categories of mine drainage are Acidic Mine Drainage (AMD) and Neutral/Alkaline Mine Drainage (NAMD). AMD is defined as having "hot peroxide" acidity exceeding alkalinity, if present, and NAMD is defined as having alkalinity equal to or exceeding mineral acidity. Both AMD and NAMD contain iron, primarily as ferrousFe(II), at concentrations as high as several hundred milligrams per liter (mg/L).
Iron can be removed from mine drainage by employing active or passive treatment technologies. Active treatment requires continuous metering of chemicals (e.g., lime) to raise the pH to increase the rate of iron oxidation and precipitation as oxides. Passive treatment systems rely on natural abiotic and biotic processes. Performance of passive systems has been described by a number of investigators including Hedin et al. (1992 Hedin et al. ( , 1993 Hedin et al. ( , 1994 and . Typically, AMD pretreated with an alkalinity producing system (e.g., anoxic limestone drain -ALD) or NAMD passes through open water ponds or aerobic wetlands where abiotic processes usually dominate at pH above 5 and aerobic conditions (Kirby et al. 1999) . In aerobic systems, iron is removed by means of oxidation and precipitation of iron oxides. Passive treatment systems usually remove between 10 and 20 grams of Fe(II) per square meter of pond surface area per day (GMD) as reported by Hedin & Nairn (1992) . The IRR in passive treatment systems can vary with season, influent flow and concentration. In addition, treatment areas that are required to remove iron can become excessive for high flow and/or concentration of Fe(II) in AMD or NAMD discharges. The focus of this study was on improving IRR by increasing the rate of Fe(II) oxidation, which is usually the limiting step in the removal or iron. 
Followed rapidly by hydrolysis/precipitation in the following equation: (Sung and Morgan 1980 and Tamura et al 1976) . The overall abiotic oxidation rate at pH greater than 5 is the sum of the homogeneous and the heterogeneous reactions, as described in the equation:
Overall abiotic rate ( 
Rate constants have been reported by a number of investigators in studies using synthetic ferrous iron solutions in batch reactors. Reported homogeneous rate constants (k 1 ) range from1.0x10 -14 to 1.0x10 -12 mol L -1 s -1 (Millero et al. 1987; Liang et al. 1993; and Ames 1998 Tamura & Nagayama (1976) , Sung & Morgan (1980) and Ames (1998) , where the concentration of Fe(III) was expressed in mg/L. Millero et al. (1980) and Ames (1998) determined the effect of temperature on the homogenous reaction rate by determining activation energy (E act ) for the homogeneous reaction (k 1 ) of 237 and 324 kJ/mol (units of L 3 mol -3 min -1 ), respectively. Ames also estimated an E act of 179 kJ/mol for the heterogeneous reaction (k 2 ).
Solid characteristics are also an important consideration in mine drainage treatment. Active treatment with chemical addition typically produces a flocculent, low-density (1-4%) iron oxide sludge that is frequently contaminated with carbonates and sulfates and oxides of manganese, calcium and other metals. A chemical treatment process, known as the high-density sludge (HDS) process, uses lime to increase pH (>9) and recirculates solids to improve coagulation and settling characteristics has been reported to achieve solids content of 20 percent (Murdock et al. 1994) . Sludge from passive treatment systems has this much higher sludge density (15-30%) than chemical treatment and similar to the HDS process, but with less contamination Jeon, 1998) .
Study Objectives
Enhancing the oxidation and removal of Fe(II) in mine drainage while producing a high density and high quality sludge could have substantial economic and environmental consequences. Some abiotic oxidation ponds have utilized design features that have been found to increase the IRR to greater than 50 GMD, more than 2 times reported conventional passive treatment removal rates Budeit 2001 ). Dempsey et al. indicated the observed increased iron removal was, at least in part, due to the heterogeneous iron oxidation process in the passive treatment system. Enhancing iron removal by utilizing heterogeneous oxidation could have the benefits of reducing treatment area while retaining the benefits of a denser and cleaner sludge that may have greater potential for reuse.
The following were the objectives for this study:
 Modify the mixing and chemistry of the mine drainage to obtain enhanced oxidation at an actual mine drainage discharge;
 Evaluate the importance of heterogeneous oxidation and enhance the process by mixing and recirculation to suspend and increase the concentration of catalytic iron hydroxide particles;
 Evaluate whether abiotic iron oxidation rate constants (k 1 and k 2 ) in a "real" mine drainage are consistent with reported values obtained from studies with synthetic ferrous iron solutions;
 Demonstrate the potential of heterogeneous oxidation processes to decrease treatment area requirements and reduce/eliminate chemical usage;
 Evaluate the characteristics of the sludge produced in the enhanced oxidation process to determine similarities and differences to passive treatment system sludges.
Study Site & Demonstration Setup
The demonstration location was at the Bird Mine near Tire Hill, Pennsylvania (in the vicinity of Johnstown, PA 
Study Plan
The study was conducted in two phases: batch tests conducted in a reactor tank; and flowthrough tests in the reactor and settling tank.
A number of batch tests were conducted in the reactor tank in which mixing and aeration were provided at various initial concentrations of Fe(III) solids (determined to be ferrihydrite by Mössbauer Spectroscopy) ranging from 0 to 1,400 mg/L, analytically measured as Total Fe.
Results of all field batch tests are reported in this paper. demonstrated that the reactor tank was a complete-mixed reactor. Flow-through tests were run until steady-state conditions were achieved in the reactor. Influent, reactor effluent, and recirculated sludge were periodically sampled and analyzed during the start-up period to determine progress towards steady-state conditions. After all system parameters were constant, effluent samples were collected and analyzed every 15 to 20 minutes until a total of 6 samples were collected. Mine drainage influent and recirculated sludge were sampled and analyzed at the beginning and end of the reactor steady-state sampling. Table 2 lists the parameters monitored and the analytical methods used in the batch and flowthrough tests. In addition to the methods in table 2, a number of samples were analyzed for total iron, after digestion, by ICP spectroscopy, as a quality-control check on the field measurement techniques. The results of the colorimetric and ICP methods were found to be comparable with all differences less than 10 per cent, which indicates the field total iron colorimetric field measurement technique was accurate. Recirculated sludge was evaluated periodically for total iron and pH during flow-through tests. Sludge was also collected and characterized at the conclusion of the study for resistance to filtration, settling rate, total solids, particle size distribution and surface area. Resistance to filtration was conducted in a positive pressure filtration chamber, with Whatman No. 3 filter paper, that was attached to a top-loading Mettler PE 160 portable balance to measure filtrate with time. Settling rate was determined at a total solid concentration of 3.5 g/L, the maximum concentration in several recirculation tests, using a 100-mL graduated cylinder and measuring clarified water depth with time. Total solids were measured by filtration and drying at 105C (APHA 1989) . Particle size distribution was measured with a Malvern Mastersizer operating at a wavelength of 633 nm. Surface area was estimated with a Gemini 2370 BET, which measures multipoint surface area under flowing nitrogen gas.
Field & Laboratory Analytical Methods

Batch Test Results
Seven batch tests were conducted in the reactor tank to evaluate the effects of iron oxides on the rate of Fe(II) oxidation. Aeration and mixing were provided in all experiments. Initial and final reactor characteristics, along with batch test durations, are summarized in table 3. All batch tests had similar pH ranging from 6.2 to 6.6 and temperature ranging from 13 to 18 C. With the exception of batch test 1 and 5, all batch tests were similar in dissolved oxygen, with initial dissolved oxygen ranging between 3 and 5 mg/L and increasing to between 8 and 10 mg/L by the end of the test. Also, as would be expected, alkalinity decreased throughout the batch test as a result of precipitation of Fe(III), although measured alkalinity was slightly higher than would be expected based on the removal of Fe(II) and equations (1) and (2). The stoichiometric anomaly may be due to the presence of sorbed Fe(II). Results summarized in tables 3 indicate increasing the iron oxide solids from 5 to 1,200 mg/L in the reactor decreased the time for oxidation of the ferrous iron to less than 3 mg/L from greater than 24 hours to less than 2 hours.
The data from the batch tests were further evaluated by estimating the slopes, from the linear portions of the curves, of the Fe(II) concentration decrease, or Fe(II) removal rate (-dFe(II)/dt) in moles per liter-second using data. The steady-state reactor pH values remained between 6.3 and 6.5 in all flow through tests.
Reactor pH is a function of alkalinity (HCO 3 -) and carbonic acid (H 2 CO 3 ) in the reactor with two driving forces involved in the steady-state pH: 1) conversion of HCO 3 -to H 2 CO 3 due to acidity generated by the oxidation of Fe(II) and precipitation of iron oxide; and 2) CO 2 lost from the reactor due to volatilization. The continuous generation of carbonic acid in the reactor, from the Fe(II) oxidation, offset the volatilization of CO 2 from the reactor thereby maintaining the slightly acidic pH.
Effluent alkalinity was lower than influent alkalinity as a result of the precipitation of iron oxides in the reactor. Based on stoichiometric considerations and equations (1) and (2) The dissolved oxygen in the reactor was provided by transport of oxygen to the water at the surface of the reactor and the aeration provided by the compressor. Low aeration was needed to maintain the reactor dissolved oxygen because of the low oxygen demand of the Fe(II) oxidation;
1 mg/L of dissolved oxygen will oxidize 7 mg/L of Fe(II). As a result, reactor dissolved oxygen concentrations were all between 6 and 8 mg/L at the airflow of 0.5 cfm. Lower dissolved oxygen levels in Recycle #3 and #5 may have been due to the slightly higher oxidation rates during these runs. 
Solids Evaluation
Recirculated solids from the settling tank were analyzed for total iron and pH during each of the flow-through with recirculation tests. The sludge pH increased slightly from 6.17 to 6.26 and total iron concentration in the return sludge decreased slightly from 44 to 31 g/L over the flowthrough tests, possibly a result of rat-tailing or short-circuiting in the settling tank; the settling tank was modified to assist in recirculating sludge, but was not specifically designed for this purpose. Sludge samples collected at the end of the flow through tests were analyzed for a number of parameters including total iron, total solids, specific resistance, particle size and surface area. The results are summarized in Table 7 .
The total solids and total iron concentrations in recirculated solids equate to a 6% solids sludge. Settleability testing performed on the recirculated sludge is representative of zone settling that would occur in a settling tank with a reactor concentration of 2,000 mg Fe(III)/L.
Additional settling of the 6% sludge, in long-term settling tests, increased solids to 19%. The settling tests indicated the sludge zone-settled at a rate 3.6 cm/hr for the first 2 hours, and 0.2 cm/hr during the compaction stage of settling. The maximum sludge density was reached at approximately 48 hours. Particle sizes measured on the recirculated sludge were normally distributed about the mean particle diameter of 3.61 m with a 10 th and 90 th percentile of 1.24 and 9.27 m, respectively. 
Discussion
Kinetic Evaluation
The results of the demonstration study indicate the Fe(II) removal rate can be enhanced to levels several orders of magnitude greater than has been observed in passive treatment systems.
The data from the batch tests provide an evaluation of the overall kinetics of the reaction.
However, data from flow-through tests were more useful for this purpose since the reactor was completely mixed and the reaction is pseudo first-order. The pseudo first-order kinetic assumption is valid since all parameters except Fe(II) remained approximately constant during the test.
With this information the overall rate coefficient k total can be determined using the following equation:
where V reactor is the reactor volume and Q total is the sum of influent flow and sludge recirculation flow. Fe(II) influent is the mixed influent Fe(II) concentration, which must also include dilution by the recirculated sludge flow in which Fe(II) is 0 mg/L. The only previous work in which ferrous oxidation was studied using the high concentrations of ferric oxides as in this demonstration, was a study by Tufekci and Sarikaya (1998) . They used properties consistent with a viscous liquid and could be poured from a container.
Characteristics of iron oxide sludges from conventional passive treatment systems and rapidly precipitated ferric hydroxide (similar to chemically treated mine drainage sludge) are also summarized in table 7. The high-density sludge from this study is within the range of sludge characteristics typically observed for passive treatment sludge. Ferric hydroxide sludge settled to only 1 percent solids compared to 20 percent for the sludges that were produced in this study.
Mechanisms for the formation of high-density and low-density sludges have been reported in the literature (Herman & Korb 1989; Dempsey 1993 There are a number of benefits resulting from production of a denser and cleaner sludge.
Increased sludge density will decrease the costs of sludge handling and disposal. In simple terms the increased solids content will decrease sludge handling efforts (and costs) by a factor of at least 20 over conventional chemical treatment. Since the resulting sludge is purer than sludge produced by other treatment processes, there could be a greater potential for reuse in a variety of applications, such as pigments or as a coagulant-aid and contaminant adsorbent in water and wastewater treatment.
Reactor Sizing & Design
Based on the overall abiotic iron oxidation rate equation ( observed in this study. Higher CSTR pH above this range is possible by increasing the mass transport of CO 2 from the CSTR, but is likely to be at the expense of increased aeration. Figure 2 also provides CSTR DT for various influent Fe(II). At pH of 6.3, DT ranges from approximately 1 hour for a 20 mg/L discharge to 6 hours for a 100 mg/L discharge, which equate to 85 and 97 percent removal, respectively. This evaluation demonstrates the ability to determine the size of a CSTR system using the abiotic iron oxidation equation (equation 3) with minimal assumptions regarding CSTR dissolved oxygen and pH. As was discussed previously CSTR pH is a function of the alkalinity and carbonic acid. The later is a function of the dissolution of CO 2 from the CSTR. Estimation of CSTR pH and dissolved oxygen can be made for the design of a CSTR system using mass transport calculations for various mechanical and bubble diffuser aeration approaches.
Summary
This demonstration study provided compelling evidence regarding the benefits of recirculating and suspending iron oxide solids in an oxidation reactor. The study demonstrated the following:
 Abiotic Fe(II) oxidation can be enhanced in the presence of iron oxides at pH that is typical of neutral/alkaline mine drainage.
 Heterogeneous Fe(II) oxidation rate constants at Fe(III) concentrations between 400 and 2000 mg/L are similar to rate constants reported in studies for Fe(III) of less than 100 mg/L. Therefore, abiotic oxidation kinetics can be applied to this treatment approach.
 The "modified" treatment process using recirculated iron oxides can achieve Fe(II) removal rates similar to conventional chemical treatment and 50-fold greater than passive treatment systems (oxidation ponds and aerobic wetlands).
 Iron oxide sludge produced by the "modified" treatment process contained much higher solids than for conventional chemical treatment (20% versus 1%) and equal to or greater solids than reported for passive treatment. Sludge produced by this process is likely to be cleaner than chemical or passive treatment and have a greater potential for reuse.
The mining industry, government agencies, and a variety of public groups can utilize the enhanced removal process to treat NAMD from both active and abandoned mined lands.
Application of this treatment approach is currently limited to alkaline mine waters or mine waters that can be pre-treated to add alkalinity. Additional studies are needed to determine applicability of this treatment approach to net acidic mine waters.
